Lithium-sulfur (Li/S) cells are promising candidates for a next generation of safe and cost-effective high energy density batteries for mobile and stationary applications. At present, most Li/S cells still suffer from relatively poor cyclability, capacity loss under moderate current densities and self-discharge. Furthermore, the underlying chemical mechanisms of the general discharge/charge behavior as well as Li/S-specific phenomena like the polysulfide shuttle are not yet fully understood. Here we present a thermodynamically consistent, fully reversible continuum model of a Li/S cell with simplified four-step electrochemistry, including a simple description of the polysulfide shuttle effect. The model is parameterized using experimental discharge curves obtained from literature and reproduces behavior at various current densities with fairly high accuracy. While being instructively simple, the presented model can still reproduce distinct macroscopic Li/S-cell features caused by the shuttle effect, e.g., seemingly infinite charging at low charge current densities, and suboptimal coulombic efficiency. The irreversible transport of active material from the cathode to the anode results in a voltage drop and capacity loss during cycling, which can also be observed experimentally.
Introduction
It is commonly agreed on that conventional lithiumion batteries, which have been commercialized since the early 1990ies, have intrinsical energy density limits due to their intercalation-type chemistry [1, 2, 3, 4] . The lithium sulfur (Li/S) system emerges as a promising candidate for next generation lithium-based batteries [5, 6] . Due to the high theoretical specific capacity of sulfur of 1675 Ah kg −1 and the associated high energy density of 2600 Wh kg −1 [7, 4] , a practical Li/S battery system should allow for approximately twice the gravimetric energy density (≈ 500 Wh kg −1 ) of conventional lithium ion systems (200-250 Wh kg −1 ) [7] . Also, Li/S batteries promise a high cost-effectiveness due to the broad availability of sulfur and the associated low production costs [1] .
While lithium-sulfur research has been going on for about four decades [8, 9, 10, 11, 12, 13] , Li/S battery systems have not been commercialized in a wide-spread fashion yet, mainly due to the remaining problems of low cyclability, uncompetitive practical specific energy at the current state of the technology (200-300 Wh kg 1 ), and non-negligible self-discharge propensities [1, 14] . Most of these problems are associated with the specific electrochemical characteristics of the lithium-sulfur system: while the fully oxidized (elemental sulfur, S 8 ) and the fully reduced (lithium sulfide, Li 2 S) end-products are crystalline or amorphous solids [15, 16] , the dominant species during discharge and charge of Li/S batteries are (lithium) polysulfides, which are soluble in ether-based electrolytes such as tetra-ethylene-glycol-dimethyl-ether (TEGDME), commonly used for Li/S battery systems [7] . The involved multi-step reduction and oxidation reactions of dissolved polysulfides, as well as the phase-change behavior due to dissolution and precipitation of elemental sulfur and lithium sulfide, involve complex (electro)chemistry and are thus far poorly understood (see [17, 18, 7] for proposed mechanisms). Increased fundamental understanding of the electrochemistry of the Li/S battery system is therefore a requirement to bring Li/S technology closer to wide-spread commer-cialization and public availability.
While there are some insightful experimental studies investigating the general electrochemical properties and the discharge/charge behavior of Li/S cells [19, 14, 20, 21, 7, 16, 22, 4] , as well as the microstructure and structural change of electrodes and electrolytes for Li/S systems [23, 24, 25, 26, 27, 28, 29, 15, 30] , the literature on mathematical models of Li/S batteries is surprisingly sparse. Kumaresan et al. [31] presented a detailed multi-step model employing Butler-Volmer kinetics. The model was applied only to a discharge at a C/50 rate and was not quantitatively validated against experimental data. Fronczek and Bessler [32] used a similar mechanism to study extended operating ranges, including the prediction of electrochemical impedance spectra, however, still without experimental validation.
A particular challenge is the complex multi-step chemical mechanism. Due to the lack of knowledge of thermodynamical properties of dissolved lithium-polysulfide intermediates, a fully detailed model resolving all possible redox steps will inevitably feature many calibrated (assumed) parameters and its electrochemical interpretation is therefore of limited value. Still, the models presented to date allowed to identify key processes responsible for the electrochemical characteristics of Li/S cells. In this article, we present a simplified, fully reversible Li/S-battery model that is for the first time validated against experimental discharge curves obtained from Cheon et al. [5] .
In our model, the chemistry of the intermediate, dissolved polysulfides is deliberately represented in a simplified fashion employing three dissolved intermediates and two reduction steps. With the simplified model presented here, the parameter space to be calibrated is reduced, which keeps the model numerically and computationally manageable, and key Li/S-cell properties can be more easily interpreted. The model is used to investigate charge and dischare at different rates, the polysulfide shuttle, as well as cyclability and capacity loss.
It is well known that in liquid-electrolyte Li/S cells, the mobility of the soluble polysulfide intermediates in the electrolyte can create a "shuttle" effect, especially during charging [5, 12, 33, 34, 35] . This phenomenon occurs during charging if polysulfides are reduced at the negative electrode, where electrons are readily available. The shorter polysulfides migrate back to the positive electrode where they are oxidized again. The current associated with these reactions does not contribute to charging the electrodes, causing a low coulombic efficiency. In addition, this effect contributes to commonly observed shortcomings of liquid-electrolyte Li/S cells like poor cyclability and high self-discharge rates. The shuttle effect is most prominent at low, constant charging current densities, where it can lead to seemingly "infinite" charging with the voltage reaching a plateau phase below the constant current charge cutoff voltage. The models presented by Kumaresan et al. [31] and Fronczek and Bessler [32] do not include this shuttle mechanism. A phenomenological model of the polysulfide shuttle is discussed in [35] . However, this model does not explicitly describe the shuttle in terms of charge transfer reactions and transport of the polysulfides. Instead, one global parameter (the shuttle constant k S ) is introduced, which is effectively a measure of the fraction of the current going into the shuttle effect. While this approach works well for [35] , a study that focusses on the heat generation during charging and only shows a small set of simulation results relevant to this issue, it does not describe the shuttle effect in sufficient detail for our purposes. In addition to an explicit treatment of the shuttle mechanism, our model includes the possibility of precipitation of lithium-sufide on the anode side, with a respective feedback on the anode active surface. This allows for a simulation of cell degradation due to cycling, which qualitatively follows experimental results from literature and thus provides valuable insights into the key mechanisms leading to shortcomings in current state-of-the-art liquid electrolyte Li/S cells.
Methodology

Model layout and implementation
The model presented here uses the same basic layout and 1-D transport as presented in Fronczek and Bessler [32] . The model is implemented in the modeling framework DENIS (detailed electrochemistry and numerical impedance simulation) [36] , which can be used for simulations of various electrochemical systems [32, 36, 38, 39, 40, 41, 37] . This framework includes a multi-phase management as detailed in Neidhardt et al. [37] , describing the spatial and temporal evolution of volume fractions of solid and liquid bulk phases. In the following, only the main features are summarized. Tab. 1 provides a summary of the physicochemical set of equations used for the simulations, and Tab. 2 summarizes chemical consituents and properties. Fig. 1 gives a schematic overview of the 1D computational domain. The positive electrode (cathode in the Table 1 : Overview over physical and electrochemical principles implemented in the electrochemical modeling framework DENIS. An exhaustive description of DENIS can be found in [36] and [37] . 
Reaction kinetics
Reaction rates: mass-action laws with reactants X and products
Reaction constants: Modified Arrhenius expressions: relation to potential 
Rates of change of dissolved species concentrations following) is a 15 µm thick composite of carbon and pore space, the latter being filled with liquid electrolyte and solid reaction products (sulfur, lithium sulfide). The negative electrode (anode in the following) is in practice a lithium foil with a thickness of several tens to several hundreds of micrometers, which represents a large excess of lithium. The surface has a roughness of typically around 5 µm as determined experimentally [42, 43, 44] . We model this situation by assuming a 5 µm thick composite anode consisting of lithium metal and pore space. Here, the pore space represents the roughness; it is filled with liquid electrolyte in the pristine cell and can host solid decomposition products upon cycling (cf. below). Because of the lithium excess, the change in volume fraction of Li (s) in the anode composite can be neglected, i.e. the lithium volume fraction is assumed constant.
As often assumed in electrochemical modeling, we assume infinite electronic conductivity in the lithium and graphite phases as well as in the current collectors. 
on the cathode side and
on the anode side. Note that all reactions are assumed to happen at interfaces between solid electrode components (sulfur, lithium sulfide, carbon, lithium) and the liquid electrolyte.
We choose to include the chemical dissolution of bulk sulfur to uncharged S 8 as first step, since we believe this process to be dominant over the direct ionization of bulk sulfur to S 2− 8 : the latter process can only happen at the triple phase boundary between solid sulfur, carbon and electrolyte, which is assumed to be very small and unstable in Li/S cells. Purely chemical dissolution of bulk sulfur in TEGDME electrolyte is supported by experimental literature [e.g. 45] and other modeling work on lithium sulfur cells also assumes chemical dissolution of bulk sulfur into the electrolye as a first step [e.g. 31].
In addition to the reactions that describe the basic operation of the cell, here we add an as simple as possible description of the polysulfide shuttle effect: we allow for one redox step between two polysulfide species on the anode side. Additionally, we include precipitation of lithium sulfide on the anode side, enabling a loss of active material from the cathode to the anode and the associated capacity fading. Fig. 2 provides a schematic description of the resulting model, additionally including the reactions given in Eqs. 2, and 4 on the anode side.
Parameters and reactions for the presented Li/S battery model can be found in Tab 2. Interfaces and reactions that represent the polysulfide shuttle and the precipitation of lithium sulfide on the anode are given in brackets. To better capture long-term degradation effects, lithium sulfide on the anode side is assumed to consist of a reactive surface fraction and a partially passivated, less reactive bulk fraction. Reverse reaction rate coefficients are derived from thermodynamic consistency.
Dynamic simulations are carried out using either constant voltage (CV) or constant current (CC) as boundary condition.
Before dynamic simulations are run, steady-state values for all state variables are calculated, starting with arbitrary, but consistent and electroneutral conditions. Steady-state values have been calculated with the shuttle effect turned off to avoid self-discharging of the model during equilibration.
While the supply of lithium is assumed unlimited, the deposition of solids on the anode surface influences the electrode's performance. This is implemented via a heuristic expression for f( s ) modulating the reactive surface area (see last Eq. in Tab. 1): The more precipitate is formed, the smaller the remaining active surface area.
Model calibration 2.2.1. Base functioning of the Li/S battery
The initial volume fraction of solid sulfur in the cathode was chosen such that the model yields the same C-rates as the experimental setup of [5] at corresponding current densities. As in [5] , all C-rates are calculated based on a maximal theoretical capacity for a Li/S cell of 1675 Ah kg −1 of sulfur.
Chemistry is assumed isothermal, that is, the activation energy of the Arrhenius expressions are set to effectively 0 kJ mol −1 and the Arrhenius temperature exponent β is assumed to be 1. This makes the Arrhenius pre-factor (which has been calibrated in the model) [36, 37] ). ∆H 0 f : molar enthalpy of formation; S 0 : standard molar entropy; D: diffusion coefficient of each species; k f 0 : forward rate reaction rate coefficient; 0 : initial volume fraction; ρ: density; A V : specific area of interfaces; (*): calibrated parameters; (•): a priori assumed parameters. Interfaces and reactions in the anode given in brackets describe the shuttle mechanism and can be turned off for comparison. T= 298 K; p = 101 325 Pa. Reaction kinetics in DENIS are evaluated by CANTERA [46] . Lithium sulfide on the anode side is assumed to consist of a reactive surface fraction Li 2 S react.
(s) and a partially passivated, less reactive bulk fraction Li 2 S pass (s) . Only the sum of both, Li 2 S (s) , the total anodic lithium sulfide fraction, is given and discussed throughout the paper. 
the effective forward rate coefficient. The symmetry factor α is assumed to be 0.5 for all charge-transfer reactions. All simulations are run at room temperature and ambient pressure (T= 298 K and p = 101 325 Pa).
All kinetic parameters (i.e. forward reaction rate coefficients k f 0 ) and thermodynamic parameters marked with (*) in Tab. 2 were manually calibrated such that the modeled discharge curves fit experimental discharge curves from literature [5] at the same current densities and C-rates (as mentioned above, the sulfur content of the modeled cathode has been chosen to match experimental C-rates at respective current densities). The model parameters were calibrated by comparing model output to experimental discharge curves for 0.5 and 24.5 A m −2 only. The discharge at 0.5 A m was mainly used for calibration of thermodynamic parameters, while the discharge at 24.5 A m −2 was mainly used for kinetic parameters. No other current densities have been used for calibration.
As for the anode, the kinetics of the lithium-ion supply reaction is chosen sufficiently fast as to not pose any rate limitation, keeping anode kinetic overpotentials negligible. Also, for the currents used in this study, the transport of all dissolved species in the liquid electrolyte is fast enough to not make a significant contribution to the overpotential.
Shuttle mechanism and battery degradation
In general, there are two cases where the polysulfide shuttle effect becomes apparent. At low charging current densities, seemingly infinite charging with constant charge current density can occur, while at higher current densities, the shuttle effect acts as a parasitic side reaction increasing the charge capacity over the discharge capacity. The kinetic parameter of the electron-transfer reaction on the anode side representing the shuttle effect (reaction 2) has been calibrated such that the threshold current density for the seemingly infinite charging behavior of approx. 300 mA m −2 is similar to the threshold for this phenomenon found for experimental systems [35] .
Cell degradation due to cycling was calibrated as well. By adapting the feedback of the precipitation of solids on the anode active surface (last Eq. in Tab. 1), the voltage drop for the main discharge-plateau with higher cycle numbers could be adjusted. With a 5 µm thick anode, the anode porous volume is large enough to allow for sufficient transport of solid material from cathode to anode to reproduce capacity fading.
Results and Discussion
Simulated discharge at different C-rates
Simulated discharge behavior of the model is shown in Figs. 3 and 4 for five different discharge current densities. Current densities and C-rates are equivalent to experimental discharge curves from [5] , so simulation results and experimental results can be directly compared. cases. Even though the model has not been calibrated for current densities between those bracketing values, the fit for the remaining current densities is good as well, which instills considerable confidence in the model being able to represent a real cell with sufficient accuracy.
Not very well represented in our simulations are the curvature of the voltage evolution at the end of the second plateau phase, and particularly the transition from the the first voltge plateau to the second voltage plateau. The mismatch of the curvature of the voltage curve at the end of discharge can most likely be explained by kinetic effects: In the real cell, the overpotential rises because of various processes such as Li 2 S deposition on electrochemically active surfaces, pore clogging, and growth of solid blocks of Li 2 S with increased resistance. Capturing these effects would require a 3D model or at least a 1D model coupled to a 3D representative volume, which is beyond the scope of this paper. The transition from the first to the second discharge voltage plateau in lithium sulfur cells happens concurrently with the depletion of solid sulfur and the start of the formation of solid lithium sulfide. The biggest contribution to the mismatch in this region is most likely the lack of detailed treatment of nucleation and growth of solid particles in our model. However, for Li/S cells, there is no known source for the additional parameters required for a detailed, complex description of nucleation and growth. Neglecting a detailed treatment of nucleation and growth of solid particles allowed us to keep the model computationally tractable and the results more interpretable concerning the process we want to investigate: the shuttle effect.
While the model might be extended to improve the fit, our objective is to set up an "as simple as possible" model that still can reproduce the macroscopic behavior of a Li/S cell (including shuttle-effect and degradation) fairly well. We therefore believe that the choice of effects to be included in the model is reasonable and the obtained agreement between experimental results and our simulations is satisfactory. Fig. 3 b) shows the evolution of volume fractions of solid sulfur (S (s) ) and solid lithium sulfide (Li 2 S (s) ) in the cathode. In our simulations, not all of the elemental sulfur is dissolved at the end of the discharge. For 0.5 A m −2 about 23 % of elemental sulfur is unused (i.e., solid sulfur not dissolved), 63 % of elemental sulfur is already converted to Li 2 S, and 14 % is still present as dissolved polysulfides at the end of the discharge. Progressively, less elemental sulfur is utilized with higher discharge current densities, reducing the practical capacity of the battery. This is consistent with experimental findings by [27] . However, it is different from the behavior of the model presented in [32] , where an intermediate regime of completely dissolved solids is identified. Also there are different experimental results for various kinds of cells, e.g. summarized by [4] . This indicates that there still is a lack of complete knowledge of the exact discharge mechanism in Li/S cells. Most likely, there will be a threshold current density, below which all sulfur is dissolved and above which some solid sulfur remains after discharge. For the examination of the effects of the polysulfide shuttle presented here, however, the percentage of elemental sulfur dissolution is not of vital importance, and was not further investigated. -dotted lines) . It can be seen that the discharge is virtually not affected by the polysulfide shuttle. Differences become apparent, however, during simulated charging. Fig. 5 a) shows that the second charging voltage plateau becomes significantly enlarged by the polysulfide shuttle, which is consistent with the inclusion of the redox step expressed by reaction (2) at the anode side, as this reaction on the cathode side is the predominant process during the second charging voltage plateau.
In the hypothetical case with the shuttle turned off, the cell becomes fully charged in the CV regime quicker than in simulations using the model including the shuttle: the current density levels off much quicker for the simulation without shuttle than for the simulation with shuttle (Fig. 5 b) ). Effectively, the polysulfide shuttle acts as parasitic reaction by internally transporting electrons from the anode to the cathode and thus being in competition with the actual charging process of the battery which removes electrons from the cathode and stores them in the anode. This can be seen in our simulation as a negative discharge capacity during charging and a very slowly decreasing charge current density during the CV regime (solid lines in Figs. 5 a) and b)). In fact, due to the shuttle effect, the zero current cutoff is not reached during the the simulation including the shuttle effect: a "shuttle current" of about 1 A m −2 remains in the CV regime until the end of the simulation.
The temporal evolution of the volume fractions of solid sulfur (S (s) ) and solid lithium sulfide (Li 2 S (s) ) in the cathode and the total volume fraction of solid Li 2 S (s) in the anode (Fig. 5 c) ), again shows that the discharge of the cell is virtually not influenced by the polysulfide shuttle effect (except for a slight buildup of solid lithium sulfide on the anode side: solid, green line in Fig. 5 c) ). For the charging, however, slight differences are readily visible, while the final values (i.e. of a "fully charged cell") of both S (s) and Li 2 S (s) in the cathode are roughly equal for the simulation runs with and without the shuttle effect.
The parasitic effect of the polysulfide shuttle becomes more severe with increasing charge-current-density: to reach a fully charged battery in terms of sulfur volume fraction at the cathode in our simulations, an excess charge capacity of approximately 40 % of the initial discharge capacity is needed at 5 A m −2 charge current (Fig. 5 a) ). In our simulations, this percentage is lower at lower charge current densities and higher at higher charge current densities (results not shown). The reason for this behavior is most likely kinetic competition, where higher currents favor the shuttle reaction. Increasing parasitic losses due to the shuttle effect with higher current densities are roughly consistent with experimental findings reported by Mikhaylik et al. [35] .
Infinite charging
Experimental evidence (e.g. [35] ) suggests that at very low charging current densities (lower than in Fig.  5 ; absolute values lower than any of the discharge current densities in Fig. 3 ), there is a threshold below which the polysulfide shuttle is dominant over the actual charging of the battery. This results in a seemingly "infinite" charging behavior at constant current densities, where the voltage levels off, never reaching the cut-off voltage. In the past, this attribute of Li/S cells has even been heralded as an "intrinsic overcharge protection" feature. , the second voltage plateau is extended indefinitely, stabilizing at voltage values increasingly higher with increasing charge current density, which is consistent with experimental findings [35] . In the 0.02 A m −2 case, the first voltage plateau is overproportionally extended: an effect that becomes more prominent with even lower charge current densities (not shown). For convenience, only the sum of the more reactive surface fraction and the less reactive bulk fraction of solid Li 2 S is given for the ande side in panel c). Also for convenience, current densities are reported as positive values in the figure legends, in the simulation, however, the current densities are negative for the charging case.
Li 2 S (s) only) for all charging scenarios. It can be seen that the volume fraction of S 8(s) initially continues to decrease. This is due to the fact that dissolution or precipitation of solid sulfur (reaction 1) does not consume or produce electrons and thus does not directly depend on the current density. After a discharge the concentration of dissolved sulfur [S 8 ] is significantly lower than the equilibrium concentration, therefore solid sulfur dissolution intially continues. The interplay of redox reactions between the dissolved species (that do depend on current densities) first causes a significant rise in [S 8 ] before solid sulfur dissolution stops and is eventually reversed (see Appendix A for details).
After the initial continued decrease, the volume fraction of S 8(s) rapidly increases for all cases. For the charge current densities above the "infinite" charging threshold, it steeply increases together with rapidly rising voltage. For the three highest cases below the threshold, it reaches and remains at a plateau that increases with increasing current density. In the 0.02 A m −2 case this plateau is not reached, as is the second charging voltage plateau.
The volume fraction of Li 2 S (s) in the cathode decreases immediately as charging commences, while in the anode, it initially increases. Although lithium sulfide precipitation is not directly dependent on charge/discharge current density and the concentration of dissolved monosulfide [S 2− ] is rather high after a discharge of the battery, the observed disparity between cathode and anode here seems to be caused by the lower specific reactive surface area value assumed for the anode: there lithium sulfide deposition slowly proceeds as long as [S 
Battery cycling and degradation
Finally, cycling simulations have been performed as well: Fig. 8 shows ten cycles of 0.5 A m −2 CC discharges alternating with -0.5 A m −2 CC charges, which are cut off at 2.6 V. Fig. 8 a) depicts volume fractions of S 8(s) and Li 2 S (s) in the cathode. While the general shape of the temporal evolution of both solid volume fractions remains the same, it can be seen that there is a net loss of active material from the cathode, as the maximum values of both solid volume fractions decrease from cycle to cycle. The loss of active material from the cathode is due to irreversible transport to the anode, where the lithium sulfide solid volume fraction increases over time (Fig. 8  b) ). The minimum value of the volume fraction of S 8(s) in the cathode, however, remains the same for all cycles. While the general shape of the voltage curve for both discharge and charge also remains the same over all cycles, there are marked differences between the first and the tenth cycle (Fig. 9 a) ): both voltage plateaus are significantly decreased in the tenth cycle as a result of precipitation of solids on the anode surface and a resulting decrease of the anode active surface accompanied by a higher anode overpotential (not shown). Also, the the steep voltage decrease at the end of the second discharge voltage plateau occurs significantly earlier in the tenth cycle than it does in the first, which is a result of the loss of active material from the cathode to the anode, cf. Figs. 9 b) and c).
The general shape of the temporal evolution of solids in the cathode (Fig. 9 b) ) is the same for the first and tenth cycle, the tenth cycle merely starts at a lower value for the S 8(s) volume fraction, resulting in a lower Li 2 S (s) volume fraction value. On the anode side, there are more pronounced differences (Fig. 9 c) ): in the tenth cycle, the lithium sulfide volume fraction is permanently higher than in the first cycle and the amplitudes of change have decreased. The loss of active material from the cathode results in capacity fading for the simulated cell during cycling (Fig. 10, red dots and dashes) . Discharge capacity decreases by roughly 18 % from about 8.4 Ah to about 6.9 Ah within ten cycles. The capacity decrease is rather steep during the first four cycles and levels off afterwards, which is qualitatively similar to experimental cycling behavior of cells with a high content of liquid electrolyte [54] . Note, however, that in our simulations, the capacity loss is purely due to transport of active material from the cathode to the anode. Other proposed Li/S battery capacity fading mechanisms, e.g., due to cathode performance loss by irreversible further oxidation of Li 2 S and Li 2 S 2 to Li x SO y compounds [55] or changes to the microstructure, are not implemented in the model, and may additionally contribute to capacity fading.
The simulated cycling of our modeled cell can also reproduce the low coulombic efficiency often associated with liquid-electrolyte Li/S cells: it is represented by the difference between the discharge capacities (red curve) and the charge capacities (blue curve) in Fig. 10 . In our simulation, the coulombic efficiency decreases with increasing cycle number, as the difference between discharge and charge capacity increases.
Conclusions and outlook
Lithium-sulfur batteries are a promising candidate for high-energy density lithium batteries for stationary, mobile, and portable applications. We have presented a comprehensive modeling and simulation study of the electrochemical behavior during cell operation under typical conditions.
With an instructively simple four-step sulfur reduction mechanism and a simple representation of the polysulfide shuttle (cf. Fig. 2 ), the agreement of our simulations with experimental discharge curves is still very good. We are able to reproduce the macroscopic effects of the polysulfide shuttle commonly seen in liquid-electrolyte Li/S batteries: "infinite" charging at low constant current densities, low coulombic efficiency, and capacity fading due to loss of active material from the cathode to the anode. This provides insights into the basic underlying principles and makes the presented model not only a suitable tool for investigation and interpretation of Li/S cell experimental data but also a powerful base model for further, more complex model studies focusing on specific details of liquid-electrolyte Li/S cells.
There is still a widespread need for research, of which our modeling analysis is only a small step. Liquid-electrolyte Li/S cells will be improved by investigating, understanding and avoiding the shuttle effect and other degaradation mechanisms like, e.g., irreversible side reactions inactivating lithium sulfide as detailed in [55] . Additionally, significant research activity is directed towards microstucturing the electrodes to avoid transport of polysulfides alltogether, e.g., using core/shell or yolk/shell architecture [56, 57, 58, 59, 30] .
Furthermore, all-solid-state Li/S batteries are being investigated [60] , and might prove to be a promising alternative to liquid-electrolyte cells.
Additionally, for Li/S cells as for all conversion materials, crystallization of solids and the growth of solid phases is very important. This issue has not been addressed in great detail in our model study, and further research into nucleation and growth of solids, e.g., along the lines of [41] and [61] who worked on the related problem of nucleation and growth of Li 2 O 2 in Li/O 2 batteries, is a promising way forward. Qualitatively, dissolved species in cathode and anode show identical behavior: this is a result of comparatively high diffusion coefficients used in our model (left and right column, Fig. A.11 ).
As mentioned in the text, solid sulfur dissolution does not directly depend on charge current density, but on [S 8 ]. After a discharge of the battery, the concentration of dissolved sulfur [S 8 ] is very low (≈ 10 −15 mol m −3
after the deep discharge spike (Fig. A.11, row a) ), orders of magnitude below the equilibrium value of [S 8 ] (≈ 19 mol m −3 , same as in [31] ). Ensuingly, the interplay between the redox reactions connecting the dissolved species (that do depend on current densities) first needs to lead to a significant rise in [S 8 ] (see steep increases in row a), Fig. A.11 ) before solid sulfur dissolution stops and eventually is reversed into precipitation (Fig. 6, panel b) ).
